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To the Editor:
It was with pleasure that I read the Letter to the Editor ``Does the
single gel phase exist in stratum corneum?'' by Bouwstra et al
(2002). Their contribution is very welcome, not the least as it
ful®lls the primary goal of the membrane-folding model (NorleÂn,
2001a) and the single gel-phase model (NorleÂn, 2001b), i.e., to
initiate a debate on skin barrier structure and function. Below
follow some comments on Bouwstra et al¢s letter.
From a thermodynamic point of view biologic systems are
ex hypothesi out of equilibrium, i.e., all natural processes are
irreversible. Further, biologic systems (i) are open to the ¯ux of
energy and matter, (ii) are usually far from equilibrium, (iii) are
nonlinear in their ¯ux±force relationships, and (iv) possess strong
coupling between their processes. Also, as most, if not all, biologic
systems exhibit gradients, in for example energy density, over
distances of less than 10 AÊ they cannot have ``local thermo-
dynamics''. Consequently, they are not at ``local equilibrium'' but
usually stabilized by secondary or higher minimum energy order
steady states (cf. Peacocke, 1983, pp.17±72).
These considerations, i.e., that biologic organizations can only
maintain themselves if there is a ¯ow of energy and that this ¯ow
requires the system to be out of equilibrium, complicate severely
the biologic interpretation of experimental in vitro and in vivo data.
Structural order comes from the existence of constraints. In any
in vitro (and even in vivo) experimental set-up some or all of these
constraints may differ from those of the endogenous, living
situation. If this is not acknowledged structural/functional data
obtained in in vitro conditions may, of course, be grossly misleading.
Further, the considerations above imply that structural order in
biologic systems intimately depends on how this order is created.
Formation and structure/function considerations can thus not be
separated. This is the framework within which the membrane-
folding model (NorleÂn, 2001a) and single gel-phase model (NorleÂn,
2001b) were developed. The tremendous increase in our know-
ledge of the complexity of the skin barrier over the last 25 y has, in
my view, only served to underline the need for conceptual tools to
make this information more accessible to critical interpretations. It
was with this aim that the membrane-folding model and single gel-
phase model were conceived.
The need for conceptual models was also apparent from the
repeated reports of the dominance of orthorhombic crystalline
order (cf. Bouwstra et al, 2002) in a system (in this case the skin
barrier membrane structure) that contains more than 30% (wt/wt)
of cholesterol (»40±45 wt% if the cholesteryl esters are included)
(cf. Wertz et al, 1987; NorleÂn et al, 1999). If cholesterol is inserted
between lipid hydrocarbon chains no true orthorhombic or
hexagonal crystals can be formed (i.e., no orthorhombic or
hexagonal wide-angle re¯ections can be obtained here from
X-ray experiments). Consequently, either cholesterol is inhomo-
geneously distributed in the stratum corneum intercellular lipid
matrix or our crystallographic data do not re¯ect the structural
organization of the true nonequilibrium situation in vivo.
In both papers (NorleÂn, 2001a; 2001b, respectively) it is clearly
stated that the word ``phase'' in a biologic context does not refer to
a thermodynamically stable phase-state. The proposed single ``gel-
phase'' is postulated to be created through the ``crystallization'',
``condensation'', or ``close-packing'' of a liquid crystalline mem-
brane, with only limited lateral diffusion, or ``sorting'', of lipids
during the crystallization process (cf. NorleÂn, 2001a). Given the
high cholesterol content of the stratum corneum intercellular lipid
matrix, the proposed single ``gel-phase'' (i.e., the nonequilibrium
lipid structure representing the skin barrier) is by crystallographic
de®nition a crystal in cholesterol-de®cient areas and a liquid crystal
in cholesterol-rich areas (as, here, no crystalline wide-angle
orthorhombic or hexagonal re¯ections can be obtained).
Further, the single gel-phase model (NorleÂn, 2001b) simply
proposes (i) that the stratum corneum intercellular lipid matrix
``thermodynamically'', i.e., macroscopically, behaves as a single
``phase'', i.e., that it is characterized by the absence of true ®rst-
order lipid transitions, and (ii) that this single lipid structure
possesses a low water content, a low degree of lipid mobility, and a
low water permeability because of a close-packing of the
constituent lipids.
In contrast, the single gel-phase model does not give any
indications whether (i) the proposed single gel-phase, from a
crystallographic standpoint, locally shows liquid (ordered) crystal-
line order, hexagonal crystalline order, orthorhombic (preparation-
induced artefact?) crystalline order, or some or all of the three at the
same time (i.e., if parts of the hydrocarbon chains show liquid
crystalline order whereas other parts show hexagonal and/or
orthorhombic crystalline order), or (ii) key components, like
cholesterol, are homogeneously or inhomogeneously distributed in
two and three dimensions.
What is clear, however, is that it is not a ``phase'' in the strict
sense and that crystallographic in vitro data should be interpreted
with the greatest caution, as it is not an equilibrium structure we are
studying.
The presence of a separate liquid crystalline lipid phase in the
stratum corneum intercellular space, as proposed by Bouwstra et al
(2002), necessitates the presence of suitable lipid candidates. It may
be noted, however, that such a liquid crystalline phase is
characterized by melted lipid chains and practically unhindered
lipid diffusion in the lateral dimension, and should not be
confounded with a possible liquid (ordered) crystalline organization
of cholesterol-rich regions of the proposed ``single gel-phase'',
characterized by close-packing of the lipids, a low water content,
and a low degree of lipid diffusion (cf. NorleÂn, 2001b). Among
those lipid species reported to be present in the stratum corneum
intercellular lipid matrix, triacylglycerols and unsaturated medium
chain free fatty acids (C16 : 1, C18 : 1) are closest at hand in
forming a separate liquid crystalline phase. As triacylglycerols almost
certainly represent contaminants (Wertz et al, 1987), unsaturated
free fatty acids remain the most plausible candidates. Unsaturated
medium chain free fatty acids (C16 : 1, C18 : 1), however, are
present in large quantities in the environment [e.g., on dust
particles, etc. (personal communication with Professor Tomas
Cronholm)] and the skin sebum (after partial hydrolysis of the
triacylglycerols) (Stewart and Downing, 1991). They too are
therefore likely contaminants in skin lipid analysis experiments. In
fact, skin lipid analysis is particularly prone to contamination as the
total endogenous lipid amounts extracted from the stratum
corneum typically are very small (NorleÂn et al, 1998; 1999). The
omnipresence of medium chain free fatty acid contamination is
exempli®ed by the extreme experimental and interindividual
variation in the human forearm stratum corneum medium chain
free fatty acid fraction (< 20C) compared to the long chain free
fatty acid fraction (> 20C) (NorleÂn et al, 1998). The medium chain
free fatty acid fraction was dominated by C16 : 0, C16 : 1,
C18 : 0, C18 : 1 and was invariably present in the blank of each
of the 22 subjects analyzed (whereas no long chain free fatty acids
were present in any of the 22 blanks). The extremely large
interindividual variation and the almost complete absence
(< 1 mol% in three out of the 22 subjects) of unsaturated medium
chain free fatty acids strongly speaks in favor of the notion that this
fraction is mainly of extra-endogenous origin (NorleÂn et al, 1998).
Reports claiming the presence in the lower stratum corneum of
signi®cant amounts of unsaturated medium chain free fatty acids
may therefore be viewed with some reservation. In an excellent
paper by Wertz et al (1987) the lipid composition of epidermal
cysts, containing by comparison enormous amounts of stratum
corneum lipids, was analyzed, thereby limiting to a minimum the
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effect of contamination. This work was consequently used as the
basis for Table I of the paper ``Skin barrier formation ± the single
gel-phase model'' (NorleÂn, 2001b).
The outcome of experiments using mixtures of synthetic or
extracted skin lipids as models of skin barrier structural
organization ultimately depends on the chosen lipid compos-
ition. Other factors may also be of critical importance,
however. These are, for example, (i) the amount of water
associated with the lipid headgroups, (ii) pH locally over the
membrane surface, (iii) the amount of monovalent and multi-
valent ions, and (iv) the amount of gases (e.g., CO2, O2)
present. To date, none of these factors are, from a biophysical
perspective, satisfactorily characterized in the endogenous stra-
tum corneum. Another serious shortcoming of lipid model
mixture experiments is that in vivo gradients, in for example
water chemical potential, pH, ion concentrations, lipid com-
position, gas concentrations (e.g. CO2, O2), and heat ¯ows over
the stratum corneum lipid membranes, as well as chemical
reactions associated with the membrane surface, are dif®cult to
model in vitro. It may consequently be a precarious task to
interpret, straightforwardly, the outcome of skin lipid model
mixture experiments with respect to the situation in vivo.
The presence of a liquid crystalline signal in in vivo attenuated
total re¯ectance infrared (ATR-IR) spectroscopy assessments of
stripped stratum corneum (Naik and Guy, 1997, pp. 107±110; cf.
Bouwstra et al, 2002, Table I) is interesting, and in fact not in
discordance with the single gel-phase model. The lipid hydro-
carbon chain ends of the proposed ``crystalline'' single gel-phase
(NorleÂn, 2001b) are supposed to be disordered. Even for pure
orthorhombic lipid crystals the two to six lowermost carbons
usually show liquid-like disordering (personal communication with
Professor Irmin Pascher). Other explanations, e.g., that the liquid
ATR-IR signal in vivo predominantly is derived from lipids of
sebaceous origin, are of course also possible (Naik and Guy, 1997,
p. 110).
The nonequilibrium constraints that govern biologic structural
organization suggest that the structure and function of a
particular biologic system (e.g., the skin barrier) cannot be
understood if the processes involved in its formation are not
considered. Accordingly, the membrane-folding model and the
single gel-phase model represent an attempt to make the large
body of structure-related skin barrier data available today less
bewildering from a conceptual biophysical point of view. The
lipid structures from which the lipids of the stratum corneum
intercellular space are thought to stem (i.e., the trans-Golgi
networks) are (i) supposed to be liquid crystalline in character
and (ii) not, to this author's knowledge, considered to be
multiphase structures containing sharp phase boundaries.
Therefore, the idea of a direct close-packing (``crystallization''
or ``condensation''), without marked sorting of lipid species
during the ``crystallization'' process, of such a liquid crystalline
structure into a single gel-like structure, as proposed in the
membrane-folding model (NorleÂn, 2001a) and the single gel-
phase model (NorleÂn, 2001b), reduces to a minimum the
introduction of unknown features when trying to explain skin
barrier formation, structure, and function. Bouwstra et al (2002),
who apparently embrace the idea of the skin barrier being a
phase-separated membrane system with distinct phase boundaries
between true orthorhombic, hexagonal, and/or liquid crystals,
are invited to give some indications of how, when, and why
this structure is formed.
In the presence of cholesterol the movements of liquid
crystalline lipid chains are strongly reduced with resulting
diminished distances between the hydrocarbon chains and thus
increased van der Waals interaction. Consequently, liquid
hydrocarbon chains seem to be ``condensed'' towards the
cholesterol skeleton, without, however, crystallizing and without
losing all mobility. For saturated, crystallized lipids, a compe-
tition arises for the hydrocarbon chains between cholesterol and
the crystalline aggregate. Cholesterol may consequently ``steal''
hydrocarbon chains from the crystalline aggregate by offering
these a more favorable van der Waals interaction. In such an
aggregate with cholesterol, the saturated hydrocarbon chains
cannot be in all-trans conformation and are thus, by de®nition,
liquid crystalline (i.e., they cannot give rise to crystalline wide-
angle re¯ections) (personal communication with Professor Irmin
Pascher). From a crystallographic point of view, the single gel-
phase predicted in the single gel-phase model may, in
cholesterol-rich regions, be an extremely close-packed liquid
crystalline structure. Consequently, the lipid organization of the
skin barrier may resemble that of nonionic detergent-resistant
membrane fragments isolated from a variety of eukaryotic cells.
These, like the skin barrier lipid matrix, are composed of a
mixture of saturated long acyl-chain sphingolipids and choles-
terol and, likewise, may exist as a liquid ordered structure
(Ahmed et al, 1997; Brown and London, 1997; Brown, 1998;
Ge et al, 1999; Xu and London, 2000).
Bouwstra et al (2002) argue that all ceramides in the stratum
corneum intercellular space preferably should be in the hairpin
conformation (i.e., with the two hydrocarbon chains pointing in
the same direction). The single gel-phase model is in accord-
ance with this possibility (NorleÂn, 2001b). It may be noted,
however, that a considerable part of human skin ceramides are
not sphingosine-based (Wertz et al, 1987; Bouwstra et al, 1998).
Due to the presence of the C4=5 double bond, chain bending
is encouraged in the C5±C6 bond in conjunction with the sp2
hybridized C5, and manifested in a larger tendency for
sphingosine-based ceramides than for corresponding phyto-
sphingosine- and dihydrosphingosine-based ceramides to pack
in the hairpin conformation (personal communication with
Professor Irmin Pascher). Consequently, the coexistence in the
stratum corneum intercellular space of ceramides in the hairpin
conformation (preferentially the sphingosine-based) and of
ceramides in the splayed chain conformation (i.e., with the
two hydrocarbon chains pointing in opposite directions) (pref-
erentially the phytosphingosine-based) may remain a possibility.
If part of the ceramides of the skin barrier exist as a monolayer
in the splayed chain conformation in the mature ``crystallized''
skin barrier, a ¯ip-¯op from hairpin to splayed chain conform-
ation must take place in this fraction during the skin barrier
formation process. Generally for membrane lipids (e.g.,
phosphatidylcholine, sphingomyeline, glycosylceramides) ¯ip-
¯op is very slow as it is energetically highly disadvantageous
to break the interactions between the hydrophilic headgroups of
neighboring molecules and with water, respectively, or alterna-
tively to drag headgroup-associated water through the hydro-
phobic hydrocarbon chain matrix. For ceramides, however,
which in the liquid crystalline state typically bind very little
water (0±1 water molecules per lipid molecule) (Faure et al,
1998), compared to their precursors the glycosylceramides,
which bind about 5±10 water molecules per cerebroside (Bach
et al, 1982; Bach and Miller, 1998), a ¯ip-¯op movement ought
to be considerably faster. During dehydratization (cf. von
Zglinicki et al, 1993) and deglycosylation (cf. Holleran et al,
1993) at the stratum granulosum/stratum corneum interface it is
not unlikely that a part of the now much less hydrated
ceramides could reorganize themselves from the hairpin into the
splayed chain conformation. This is because the ceramides still
contain some rather potent polar groups, i.e., two to four O±H
groups and one amide N±H group as proton donors and
carbonyl (C=O:) and hydroxyl (H±O:) oxygens as proton
acceptors, that could form a lateral H-bonding system in the
center of a monolayer and thus stabilize the splayed chain
organization of the crystalline membrane. This is in fact the
case for crystals of phytosphingosine-based ceramides where the
monolayer organization is energetically more favorable than the
corresponding bilayer organization (DahleÂn and Pascher, 1972).
The reason for the preferred monolayer organization over the
bilayer organization for phytosphingosine-based ceramide crystals
may be that the stabilizing H-bonding system between the two
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hydrocarbon matrices is better preserved when shielded from
the competition of water. Also, the dominance of saturated long
fatty acid chains may further stabilize the monolayer conform-
ation due to a better match of the hydrocarbon chains in a
splayed chain conformation. The presence or nonpresence in
the endogenous stratum corneum of ceramides in the splayed
chain conformation thus remains an open question.
Bouwstra et al's (2002) cautious disposition with respect to
established ``rules'' of general lipid behavior is in full agreement
with this author's view. This is because during biologic
structural evolution apparently ``impossible'' structures could
have appeared, due to the critical dependence for evolution of
multilevel hierarchical assemblies of potentially stable subassem-
blies (Peacocke, 1983, pp. 56±62).
In their conclusion Bouwstra et al's (2002) point out that in
the single gel-phase model (NorleÂn, 2001b) little attention is
paid to the different roles individual lipids play in the lipid
organization of the stratum corneum. This is perfectly true and
was, in fact, fully intentional. As mentioned above, biologic
systems are open, nonlinear, far from equilibrium systems most
typically characterized by high internal and external coupling of
their processes within and between multiple hierarchical levels
(Peacocke, 1983, pp. 1±72). The idea of assigning individual
roles to different lipids in such a system is, in my view, not
very obvious.
This work was made possible by the generous support from the Wenner-Gren
Foundations.
Lars NorleÂn
Department of Physics, University of Geneva,
Geneva, Switzerland
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